The dynamics of the xanthophyll cycle relative to nonphotochemical quenching (NPQ) were examined in tobacco plants overexpressing violaxanthin de-epoxidase (VDE), PsbS and PsbS+VDE for effects on NPQ and violaxanthin (V) de-epoxidation over a range of light intensities. Induction of de-epoxidation and NPQ increased in overexpressed VDE and PsbS plants, respectively. Surprisingly, under low light, overexpressing PsbS enhanced de-epoxidation in addition to NPQ. The effect was hypothesized as due to PsbS binding zeaxanthin (Z) or inducing the binding of Z within the quenching complex, thus shifting the equilibrium toward higher de-epoxidation states. Studies in model systems show that Z can stereospecifically inhibit VDE activity against violaxanthin. This effect, observed under conditions of limiting lipid concentration, was interpreted as product feedback inhibition. These results support the hypothesis that the capacity of the thylakoid lipid phase for xanthophylls is limited and modulates xanthophyll-cycle activity, in conjunction with the release of V and binding of Z by pigment-binding proteins. These modulating factors are incorporated into a lipid-matrix model that has elements of a signal transduction system wherein the lightgenerated protons are the signal, VDE the signal receptor, Z the secondary messenger, the lipid phase the transduction network, and Z-binding proteins the targets.
Introduction
The maximum light intensity of the terrestrial environment exceeds the maximum photosynthetic capacity of sun leaves of most higher plants. Plants have several mechanisms to protect against the potentially damaging effects of the excess light and several of these are associated with the xanthophyll cycle. Protective functions related to the cycle are the dissipation of excess energy, measured as non-photochemical quenching or NPQ (Demmig et al. 1987) , quenching of reactive oxygen species (Havaux and Niyogi 1999) , altering the fluidity of the membrane (Tardy and Havaux 1997) and damage/repair of the D-1 protein of the Photosystem II (PSII) reaction center (Jahns and Miehe 1996, Jin et al. 2003) .
The xanthophyll cycle is a transmembrane activity of thylakoids ( Fig. 1 ) and the conversion of violaxanthin (V) to zeaxanthin (Z) and antheraxanthin (A) is light dependent, increasing with light intensity to a maximum (Siefermann 1971) . Only a fraction of the total V pool is maximally converted to A+Z, and both the pool size and fraction that can be de-epoxidized varies with species and growth environment Björkman 1990, Demmig-Adams et al. 1999) . High light, low growth temperatures and low nitrogen stress result in larger pool sizes as well as high and sustained de-epoxidation state (DES, (Z+A)/(Z+A+V)). The cycle can be poised at high DES under conditions of multiple stresses as for example in over-wintering plants that are subjected to both high light and low temperatures. In such plants, the sustained level of Z+A corresponds to low PSII yield or F v /F m (Adams and Demmig-Adams 1994) . The xanthophyll cycle also has been experimentally modified by treatments such as growth under intermittent light (IML, Jahns 1995) and mutagenesis (Niyogi 1999) .
Fractionation studies show that the pigments of the xanthophyll cycle are localized in the light-harvesting complexes of PSII and PSI (Thayer and Björkman 1992 , Lee and Thornber 1995 , Verhoeven et al. 1999 , Bassi and Caffarri 2000 . In these reports, the pigment distributions in the different fractions vary, especially in the so-called freepigment fraction where qualitative and quantitative differences are evident. This fraction is thought to reflect pigments in the thylakoid membrane. However, it is unclear what fraction of the total xanthophyll-cycle pool is in the lipid phase in vivo, let alone their concentration, owing to uncertainties inherent in the effects of surfactants on loosely bound pigments and possible redistributions during the separations. Nevertheless, indications are that most (80%) of the xanthophylls are bound to pigment-protein complexes (review, Yamamoto and Bassi 1996) . Ruban et al. (1999) using a particularly mild fractionation method concluded that all of the V in PSII de-epoxidized in vivo could be accounted for by the loosely bound V in LHCII trimers. This implies there is little to no free V in the thylakoid membrane. Regarding Z, it is unclear what fraction of the total Z or the actual concentration of Z is in the lipid phase of the membrane in vivo.
Several lines of evidence indicate the xanthophyll cycle operates within the lipid phase of the thylakoid membrane. Lipid is required for de-epoxidation of purified V by violaxanthin de-epoxidase (VDE), although reports differ on which thylakoid lipid is optimal , Grotz et al. 1999 , Latowski et al. 2002 . Lipid (monogalactosyldiacylglycerol, MGDG) is required for de-epoxidation of V reconstituted into pigment-protein complexes (Jahns et al. 2001 , Morosinotto et al. 2002 . Moreover, VDE is a lipocalin protein with a well-like cavity, has MGDG absorbed (Bugos et al. 1998, Yamamoto and Higashi 1978) and binds to MGDG or thylakoid membranes under conditions of optimal VDE activity (Yamamoto and Higashi 1978 , Hager and Holocher 1994 , Rockholm and Yamamoto 1996 . MGDG is the major lipid in thylakoids and forms hexagonal II-phase structures instead of bilayers (Gounaris and Barber 1983) . Furthermore, Siefermann and Yamamoto (1974) showed that stepwise increases in light intensity induced corresponding increases in steady-state de-epoxidation. They interpreted this as due to the light-induced release of bound V to the lipid phase and termed the phenomenon "availability." Recent evidence (Morosinotto et al. 2002) support the view that the operation of the xanthophyll cycle involves the binding and release of V from pigment-protein complexes. A reasonable view of the operation of the xanthophyll cycle, in vivo, is that light induces the release of V loosely bound to pigment-protein complexes into the thylakoid lipid phase where VDE bound to the membrane under an acidic lumen catalyzes the conversion of V to Z+A in presence of ascorbate.
The xanthophyll cycle and its relationship to NPQ have been examined in considerable detail , Niyogi 1999 , Bassi and Caffarri 2000 . The obligatory requirement of Z or Z+A for NPQ has been confirmed by biochemical (Gilmore and Yamamoto 1991a) and genetic methods (Niyogi et al. 1998) . Besides Z+A and PsbS, a subunit protein of PSII (Li et al. 2000) , low pH in two regions of the thylakoid, the lumen and intramembrane, is required for NPQ . Importantly, Z was recently shown to function as a direct quencher of excess energy as opposed to inducing a conformational change that was required for fluorescence quenching (Ma et al. 2003) . Whether Z required for NPQ is bound directly by PsbS or in a PsbS-dependent manner elsewhere in the quenching complex is controversial. Li et al. (2000) and Aspinall-O'Dea et al. (2002) have concluded PsbS binds Z directly whereas Dominici et al. (2002) have concluded otherwise.
Although considerable advances have been made on the mechanism of Z-dependent NPQ, the dynamics and physiology of the xanthophyll cycle in relation to of NPQ and other functions are relatively unclear. Factors regulating the size of the V pool, fraction of the V pool that can be converted to Z, the kinetics of de-epoxidation, binding of Z and pigment concentration in the lipid phase can be expected to affect functions attributed to the xanthophyll cyle. Both de-epoxidation and NPQ are thought to be responses to high light. Külheim et al. (2002) recently concluded Z-dependent qE was functionally more important under fluctuating light than under constant high light as judged by seed production and thus reproductive fitness in Arabidopsis. The dynamics, responses and functions of the xanthophyll cycle are obviously complex. A better understanding of the dynamics of the xanthophyll cycle and factors influencing its dynamics is needed.
As an approach to investigating the interrelated issues of the cycle's operation and function, we altered the natural stoichiometry between VDE and PsbS in tobacco by overexpress- Fig. 1 The violaxanthin or xanthophyll cycle in higher plants. The cycle is organized transmembrane with stepwise de-epoxidation from V to Z by violaxanthin de-epoxidase (VDE) occurring on the lumen side and epoxidation by zeaxanthin epoxidase (ZE) on the stroma side. Lightinduced acidification of the lumen to around pH 5.2 binds VDE to the thylakoid membrane. The epoxidase is bound to the thyakoid on the stroma side and catalyzes epoxidation near neutral pH (Yamamoto 1979). ing VDE, PsbS and PsbS+VDE and examined the effects of the transformations on de-epoxidation and NPQ over a range of light intensities. The results led to a hypothesis that the limited capacity of the lipid phase for xanthophylls was an important factor in xanthophyll cycle dynamics. This hypothesis explained the unexpected stimulation of de-epoxidase activity in overexpressed PsbS plants and was supported by evidence of stereospecific feedback inhibition of VDE activity by Z. These properties are formulated into a proposed lipid-matrix model for xanthophyll-cycle dynamics and functions. The xanthophyll cycle operating through the lipid matrix of the thylakoid has features of a signal transduction system.
Results

Overexpression of VDE and PsbS in tobacco
Overexpression of VDE in tobacco was reported previously (Hieber et al. 2002) . Tobacco plants were transformed to overexpress PsbS and PsbS+VDE using constructs shown in Fig. 2A . Northern, Western and VDE analyses showed Arabidopsis PsbS was expressed about equally in PsbS and PsbS+VDE plants, with no cross-reactivity with the intrinsic PsbS or VDE (Fig. 2B, C) . In contrast, VDE was expressed less in PsbS+VDE than in VDE plants as indicated in the Northern analysis and confirmed by VDE assay. VDE plants had 28-fold and PsbS+VDE plants 1.4-fold higher specific activity than wild type (Fig. 2D) . The low level of VDE overexpression in the latter is theorized to be due to PsbS and VDE genes being expressed in series. Expressing genes in series reportedly decreases expression of the second gene substantially (Padidam and Cao 2001) .
Effects of overexpression on NPQ and qE
The induction of NPQ in the four plants types is shown in Fig. 3A -C. Under low and moderate intensity, NPQ was transient, reaching a maximum at around 10 min and relaxing thereafter to lower levels. Under low light, NPQ was highly variable among individual plants and no differences were discernable except for PsbS+VDE plants having a higher NPQ than the wild type. The variable NPQ under low light probably reflects the small unavoidable differences in plants grown in chambers. Under moderate and high light, NPQ in PsbS and PsbS+VDE plants was significantly higher than in VDE or wild-type plants. The kinetics of NPQ under high light were simple and consistent, rising rapidly and attaining near steadystate levels within 10 min. NPQ levels in PsbS and PsbS+VDE plants were approximately 2-fold higher than VDE or wildtype plants. This doubling of NPQ is similar to a recent report where a doubling of NPQ was also observed under high light in PsbS overexpressed Arabidopsis (Li et al. 2002a ). However, the properties of NPQ induction at lower light intensities were not reported.
The energy-dependent component of NPQ, qE, was evaluated after 15 min of dark recovery following 30 min actinic light treatment (Table 1 ). Relatively little difference was observed among the plant types under low and moderate light treatments except under high light where qE was lower. The lower qE may be due to photoinhibition or recovery taking more than the 15 min period employed. When the Arabidopsis npq2 mutant that accumulates high levels of Z was exposed to high light and left to recover, the NPQ showed slower recovery than the wild type (Niyogi et al. 1998) . The inactivation of the PsbZ gene in tobacco also resulted in the accumulation of excess Z and slower NPQ recovery than in the wild type (Swiatek et al. 2001 ). The apparent low qE when Z accumulates appears to be similar to the continued engagement of energy dissipation in absence of bulk-phase protons in spinach chloroplasts and in Ponderosa pine that accumulate high levels of Z+A Horton 1995, Verhoeven et al. 1999 ).
Effects of overexpression on photochemistry
The photochemical parameters, quantum yield (F v /F m ) of dark-adapted plants, photochemical quenching (qP), and yield were measured by fluorescence. Only the results after 30 min of induction are shown (Table 1 ) inasmuch the detailed kinetics provide little additional insights. No significant differences in F v /F m were observed. qP was higher in PsbS and PsbS+VDE plants relative to wild-type and VDE plants under all light treatments but most notably under medium light. Increased qP is consistent with increased NPQ in these plants. Other measures of photochemistry showed little to no difference between 
Effects of overexpression on light-induced de-epoxidation
In general, de-epoxidation increased with increasing light intensity ( Fig. 3D-F) . Under high light, all plants attained their highest respective de-epoxidation state (DES, (Z+A)/ (Z+A+V)) in 30 min. The final DES under high light was highest in the VDE plants (0.603±0.015), followed by PsbS+VDE (0.583±0.011), PsbS (0.566±0.012) and wild type (0.535±0.012) (Fig. 3F) . DES under moderate and low light was substantial. Under moderate light, the DES at 30 min was 97, 89, 83 and 81% relative to high light for VDE, PsbS+VDE, PsbS, and wild-type plants, respectively (Fig. 3E) . Under low light, even with substantial reversal of DES taking place in some plants after 20 min, the DES at 30 min, relative to high light, was 85, 70, 64 and 41% for VDE, PsbS+VDE, PsbS and wild type, respectively (Fig. 3D) . The kinetics for DES and NPQ under the low and moderate light treatments show DES continued to increase well beyond the 10 min point at which NPQ began to decline (Fig. 3A&D, B&E) . These results show induction of Z+A is kinetically distinct from NPQ and is not as dependent on high light as is NPQ.
Overexpressed VDE plants showed consistently higher rates of de-epoxidation and the highest final DES under all light intensities. Although this may appear reasonable given the high level of VDE overexpression (Fig. 2D) , closer examination shows the high final DES was due to a high starting level Z+A (Fig. 3D-F , Table 2 ). In a previous study (Hieber et al. 2002) , a high initial DES in VDE plants was also observed but was not significantly different from controls plants. In this study, precautions were taken to accurately determine the dark DES levels. When the initial level is taken into account, the light-inducible DES of VDE plants was less than wild-type and PsbS plants.
De-epoxidation under low light in overexpressed PsbS and PsbS+VDE under low light was significantly higher than the wild type (Fig. 3D ) and higher than even VDE plants when corrected for the initial DES. The clear enhancement of both rate and extent of de-epoxidation under low light in plants with overexpressed PsbS is intriguing because PsbS does not have VDE activity. This enhancement, however, contrasts with the earlier report by Li et al. (2002a) that overexpression of PsbS in Arabidopsis had no effect on de-epoxidation relative to wild The reactions were carried as described (Yamamoto 1985) . Controls had V as the only xanthophyll. Other reactions contained in addition to V, lutein, or RR-Z, the synthetic natural isomer or SS-Z, the synthetic non-natural enantiomer in an amount either equal to or 1.5 times the amount of V for (A) and (B), respectively. The MGDG concentration was adjusted to achieve the lipid to xanthophyll ratios indicated. VDE was a lumen extract prepared from overexpressed VDE plants (Hieber et al. 2002) . De-epoxidation was followed as the absorbance change 502 minus 540 nm. Reactions were at pH 5.2 and initiated at zero time by addition of sodium ascorbate.
type. This apparent difference can be accounted for from the fact that de-epoxidation in Arabidopsis was examined under high light after long periods of illumination, the first data sampling being 30 min. The closest comparable treatment in this study is at 30 min under high light shown in Fig. 3F , and indeed at this point the stimulation of de-epoxidation by PsbS relative to wild type is not detectable. Thus the effects of overexpressing PsbS on de-epoxidation under high light for Arabidopsis and tobacco are consistent. Enhancement of de-epoxidation by overexpression of PsbS is therefore evident only under non-saturating light treatments. It is reasonable that differences in DES would not be observed under saturating conditions. Product inhibition (Z) of VDE activity has been reported (Havir et al. 1997) . Inasmuch as binding of Z is obligatory for NPQ and PsbS enhances NPQ, we hypothesized that PsbS enhanced de-epoxidation by binding or sequestering Z, thereby reducing or preventing feedback inhibition of VDE by Z. To test this hypothesis, the effects of Z and lipid concentration on feedback inhibition of VDE was examined in vitro.
Effects of zeaxanthin on in-vitro de-epoxidation
The in vitro de-epoxidation of pure V in thylakoid lipid suspensions has been described ). MGDG, the major thylakoid lipid, is the most effective of chloroplast lipids in supporting VDE activity, giving rapid and complete de-epoxidation in 5 min. Reactions are carried out in pH 5.2 buffer where VDE binds to the micelle (Rockholm and Yamamoto 1996) and converts V to Z+A stoichiometrically. In model systems, the reaction can be followed in "real time" by sensitive difference spectrophotometry at 502-540 nm (Yamamoto 1979) .
As previously shown, the MGDG concentration relative to V is critical. At MGDG to V mole ratios of less than 28 : 1, the rates of de-epoxidation are slow and de-epoxidation is incomplete (DES <1) . At the optimum mole ratio of 28 : 1, the kinetics of de-epoxidation reach a peak and de-epoxidation is complete (DES = 1). Beyond the optimum, the rate of de-epoxidation decreases but not DES. The enhancement of de-epoxidase activity by overexpression of PsbS (Fig.  3D) is similar to the effects of MGDG. These effects suggest a hypothesis for the enhancement of xanthophyll cycle activity by PsbS, namely that PsbS increased de-epoxidase activity by preventing or limiting feedback inhibition by sequestration of Z from the lipid phase, thereby preventing or reducing feedback inhibition. The limited capacity of lipid phase for xanthophylls is the underlying mechanism.
The hypothesis was investigated by adding Z to reactions mixtures containing V under conditions that maintained the optimum mole ratio of MGDG to total xanthophyll at 28 : 1 for V alone or reduced the ratio below this optimum. To exclude possible non-specific effects, the natural isomer of zeaxanthin [(3R,3¢R)-b-b-carotene-3,3¢-diol], designated RR-Z from a synthetic source was tested against synthetic non-natural enantiomer [(3S,3¢S)-b-b-carotene-3,3¢-diol], designated SS-Z, and lutein prepared from spinach. When the ratio of MGDG to total xanthophyll was at the optimal ratio, the de-epoxidation kinetics and DES all three xanthophylls were nearly identical, with only a small non-specific reduction in activity relative to the control (Fig. 4A) . De-epoxidation for the control was rapid and complete, comparable to previously reported results . When the ratio MGDG to total xanthophyll was lower than the optimum, the result was markedly different (Fig. 4B) . Whereas the effect of lutein was unchanged from the previous treatment, the presence of zeaxanthin showed significant inhibition of violaxanthin deepoxidation in both rate and final DES, the unnatural enantiomer (SS-Z) being more inhibitory than the natural isomer, RR-Z (Fig. 4C) . Reducing the MGDG to xanthophyll ratio even further increased the inhibition markedly (data not shown). These results clearly demonstrate that excess pigment load in the lipid phase, whether V or Z, can affect both rate and extent of de-epoxidation. The stereospecificity of the effect when Z is in excess indicates the mechanism is by feedback inhibition of VDE.
Discussion
The effects of overexpressing of VDE, PsbS and PsbS+VDE in tobacco, while confirming the generally accepted For NPQ, Z serves as a direct quencher (Ma et al. 2003) . Z in D-1 is involved in the repair process (Jin et al. 2003). views about the relationship between NPQ and Z, provided new insights about the dynamics and functions of the xanthophyll cycle. Overall, increasing light intensities increased Z+A formation and NPQ, and under high light, both attained their respective maximum levels. Under high light, overexpression of PsbS and PsbS+VDE doubled NPQ relative to wild-type and VDE plants (Fig. 3C, F) . The effect was clearly due to PsbS and was similar to the doubling of NPQ observed in Arabidopsis when PsbS was overexpressed (Li et al. 2002a ). The similar enhancements could possibly be coincidental to a similar level of overexpression but it is also possible that there is another component or factor that becomes limiting when PsbS is excess.
Under low light, the high variability in NPQ limited conclusions about the effects of the different overexpressions except for the significantly higher NPQ in PsbS+VDE plants relative to wild type (Fig. 3A) . The effect of overexpressing PsbS+VDE is consistent with the obligatory requirement of both PsbS and Z on NPQ and suggests there may be synergy when PsbS and VDE are expressed together. Differential inductions between NPQ and de-epoxidation were evident under low and moderate light (Fig. 3A&B, D&E) . NPQ began relaxing after 10 min in contrast to DES that continued to increase for another 10 min. Apparently, the pH required for NPQ relaxed more rapidly than the pH for Z formation, an interpretation consistent with the thresholds for NPQ and de-epoxidation (Gilmore et al. 1998 ). Since de-epoxidation is induced and sustained at a lower light intensity than NPQ, induction of Z+A is not expected to be a limiting factor for NPQ and de-epoxidation is not as dependent on high light as is NPQ.
VDE plants had high starting DES (Table 2 ) and yet the maximal DES was comparable to the other plant types (Fig.  3F) . The latter suggests the dark-level Z+A that was unavailable for re-epoxidation was otherwise part of the total available fraction in the other plants. The synthesis of the xanthophyll pool that participates in cycle turnover appears to be fixed and not increased when a fraction is irreversibly bound as Z+A. Also, the sustained Z+A in VDE plants did not reduce F v /F m (Table 1) as in overwintering plants (Adams and DemmigAdams 1994) . The localization of the bound Z+A was not investigated. Since VDE is not known to bind Z+A irreversibly, we speculate that the Z+A is incorporated into Lhcs during growth where they are unavailable for re-epoxidation and do not participate in sustained quenching. Reconstitution studies of pigment-protein complexes have shown that pigmentbinding sites are not strictly specific and V can be bound in sites that are not available to the de-epoxidase (Jahns et al. 2001 , Morosinotto et al. 2002 .
It is important in evaluating de-epoxidation activity to distinguish the rate of de-epoxidation and DES. The rate at a given pH is affected by concentrations of the enzyme, V, and ascorbate, and is best evaluated as the initial rate. In contrast, DES reflects the fraction of the V pool that is "available" for deepoxidation. For a specific plant DES is a function of growth environment and increases with increasing light intensity to a maximal value at saturation (Siefermann 1971 , DemmigAdams et al. 1999 . Although the maximal DES under saturating light was not affected in the various transformants, differences in de-epoxidation kinetics were evident at lower light intensities. Overexpressing VDE increased the kinetics of deepoxidation but not DES (after correcting for the initial dark de-epoxidation level). In contrast, both the kinetics and DES where increased in PsbS and PsbS+VDE plants (Fig. 3D) . This enhancement by PsbS was surprising since the xanthophyll cycle can function in the complete absence of PsbS (Li et al. 2000) . Two possible mechanisms were hypothesized. The first was that proton-binding domains of PsbS localized in or near the lumen (Li et al. 2002b ) induced a more optimal localized pH for VDE activity. This hypothesis cannot be excluded but was considered unlikely because under this circumstance an increase in the rate de-epoxidation without an increase in DES would be expected, contrary to the observation (Fig. 3D) . Also, PsbS is not known to affect lumen acidity. The second hypothesis is more complex. We hypothesized that overexpressing PsbS increases sequestration (binding) of Z from the lipid phase, simultaneously reducing feedback inhibition of VDE and shifting or "pulling" the cycle towards a higher final DES. The hypothesis was supported by model studies that showed Z exerts feedback inhibition of VDE activity when it is "excess" in the lipid phase.
In vitro, purified V, that is otherwise inactive, becomes a suitable substrate for VDE when suspended with the major thylakoid lipid, MGDG . At the optimum MGDG to V mole ratio of 28 : 1, de-epoxidation of V is rapid and complete. At lower suboptimal ratios, de-epoxidation kinetics is slower and DES is incomplete. Other thylakoid lipids such as digalactosyldiacylglycerol, the second most abundant in chloroplasts, does not support complete de-epoxidation of V regardless of lipid to pigment ratio. Other studies have used soybean phosphatidylcholine (Grotz et al. 1999) or mixtures of egg phophatidylcholine and MGDG (Latowski et al. 2002) as model systems. These systems confirm lipids are required for VDE activity but de-epoxidation was slower and incomplete compared to the MGDG system. MGDG is the most abundant and most unsaturated of thylakoid lipids (Gounaris and Barber 1983) . In contrast, phosphatidylcholine is a minor and even questionable component of thylakoids (Webb and Green 1991) . MGDG forms inverse hexagonal II phase structures instead of bilayers, and the exposed hydrophobic fatty acid groups may be important for hydrophobic binding with VDE following the neutralization of the exposed C-terminus fatty acid residues of VDE (Hieber et al. 2002) .
The importance of the lipid phase is evident in other properties of VDE. The enzyme is a plant lipocalin, a mono-deepoxidase and among the few lipocalins to have enzyme activity (Yamamoto 1979 , Bugos et al. 1998 . These characteristics produce an image whereby after VDE binds to the thylakoid lipid membrane, the V or A diffuse into the well-like active center with each cycle of de-epoxidation. The lipocalin well is envisioned to be narrow, straight, nearly the length of the xanthophyll with the active site near the bottom of the well since cis pigments cannot be de-epoxidized Higashi 1978, Grotz et al. 1999) . As shown in Fig. 4B , an adequate amount of lipid is also important for optimal VDE activity. When the lipid to pigment ratio was in the optimal range, Z or lutein had little effect on the kinetics or the final extent of deepoxidation (Fig. 4A) . When the MGDG : xanthophyll was sub-optimal, the natural RR-Z and, more so, the SS-Z enanthiomer were inhibitory, reducing both kinetics and steady-state DES. This inhibition was interpreted as stereospecific feedback inhibition inasmuch as lutein was not inhibitory under the same conditions. A minimum lipid to xanthophyll ratio (high lipid to pigment) appears to be required to avoid feedback inhibition by Z. Sequestration of Z from the lipid phase by binding to pigment-protein complexes would reduce the lipid load and thus minimize or prevent feedback inhibition of VDE. Accordingly, we hypothesize that the overexpression of PsbS increased the rate of de-epoxidation and DES by sequestering additional Z (over wild type), either directly binding Z or stimulating its binding elsewhere in the quenching complex. In either case, Z load in the lipid phase would be reduced.
The mechanism of feed back inhibition by Z could be by competitive binding at the active center or inhibition of the binding of VDE to the lipid micelle with the former being the more likely given the stereospecificity of the inhibition. Havir et al. (1997) also observed inhibition of VDE when Z was added to the standard MGDG reaction mixture and the effect interpreted as substrate inhibition. The treatment of adding Z without supplemental MGDG is equivalent to reducing the lipid to xanthophyll ratio as done in this study with similar outcomes. We hypothesize that the limited capacity of the lipid phase and the associated stereo-specific feedback inhibition of VDE is a major modulating factor of xanthophyll-cycle activity and that PsbS stimulated xanthophyll cycle activity by reducing the Z load in the lipid phase through direct or indirect binding of Z.
If the thylakoid lipid phase has limited capacity for Z and pigment-binding proteins are present in thylakoids, what is the concentration of Z in the lipid membrane? This question is not easily answered by physical evidence due to the same limitations inherent in fractionation methods discussed for V. This question is of particular relevance to proposed functions of Z in the membrane. Stiffening of the thylakoid membrane and protection against reactive oxygen species have been proposed for the function of Z (Gruszecki and Strzalka 1991 , Havaux and Gruszeci 1993 , Havaux et al. 2000 . In any case, Z is probably less than 12% of the total pigment pool, given that about 20% of the total xanthophyll pool is generally isolated in the freepigment fraction and only about 60% of the total V pool can be de-epoxidized. This approximation is in terms of the xanthophyll pool and not the concentration of Z or other pigment in the thylakoid membrane. Data to estimate actual free pigment concentration do not seem to be available. The xanthophyll concentration in MGDG that supports maximal VDE activity is 3.6% mole percent.
The properties of the xanthophyll cycle are captured in the "lipid-matrix model" shown in Fig. 5 . In this model, the lipid matrix is a modulating factor for maintaining a low xanthophyll load to avoid feedback inhibition of VDE activity by Z. The low xanthophyll load is also maintained by controlled release of V and binding of Z from major and minor Lhcs of PSII and PSI (Thayer and Björkman 1992 , Lee and Thornber 1995 , Färber et al. 1997 , Verhoeven et al. 1999 . Z binding occurs at the NPQ quenching complex (Li et al. 2000 , Aspinall-O'Dea et al. 2002 and, although not shown, the PSII reaction center, specifically D-1 during the damage/repair cycle (Jahns and Miehe 1996 , Verhoeven et al. 1999 , Jin et al. 2003 ). An alternative interpretation with the same outcome is that feedback inhibition of VDE is the modulating factor that regulates deepoxidation of V to Z+A.
The dynamics of the xanthophyll cycle under various light intensities reported here (Fig. 3D-F ) and elsewhere for wildtype plants growing under long day-night cycles (Siefermann 1971 , Jahns 1995 can be interpreted with the aid of Fig. 5 . For convenience the responses are divided into three phases according to light intensity and reversibility of de-epoxidation. (1) At marginal PFD (around 100-250 mmol photons m -2 s -1 ), Z changes transiently, increasing for about 10 min and reversing over the next 20 min. As judged by fluorescence, the transient de-epoxidation and re-epoxidation correspond roughly with the temporary closing of PSII and activation of photosynthesis. Apparently, Z formed under this condition is still free in the lipid phase and rapidly reconverted back to V by the epoxidase. For clarity, the epoxidation system is not shown in Fig. 5 but is shown in Fig. 1 . (2) At PFDs from about 250-500 mmol photons m -2 s -1 , Z formation increases and re-epoxidation to V decreases. A reasonable interpretation is the release of V is increased and the binding of Z begins. However, the binding of Z is not yet strong, since re-epoxidation of Z to V is still detectable. The effect of overexpressing PsbS was most evident at a light intensity between the first and second phase (Fig. 3D) . (3) The final phase is under high PFD (1,400-2,500 mmol photons m -2 s -1 ), where the release of V and the de-epoxidation of Z are saturated. In this phase, V available for de-epoxidation is completely converted to Z (about 60% of total V in wild-type tobacco) with little to no sign of re-epoxidation, indicating sequestration of Z in relatively strong. In the dark or under low light, re-epoxidation of Z decreases with light intensity and with increased length of exposure to high light (Jahns and Miehe 1996) . A reasonable interpretation is that after maximal de-epoxidation, the incorporation of Z into strong binding sites continues. The model in Fig. 5 has elements of a signaltransduction system where (1) protons are the signal, (2) VDE is the sensor, (3) Z is the secondary messenger, (4) the lipid matrix of the thylakoid membrane is the signal-transduction network and (5) the various Z-binding sites are the targets.
Various binding sites indicate the xanthophyll cycle is a multifunctional signal-transduction system. Low to moderate light can generate a sufficiently low lumen pH to signal VDE to form the secondary messenger, Z (or Z+A), that then diffuse through the lipid-transduction network to the multiple targets. High light induces protonation of the quenching complex (inner Lhc) that triggers the NPQ response. This signaltransduction system therefore can operate under a wide range of light intensities through the DpH. Modulation between light harvesting and NPQ based on the pH-dependent binding of Z to Lhc proteins has been previously proposed to be a signaltransduction system (Morosinotto et al. 2002) . The pH and Z dependency of NPQ has also been termed "feed-back deexcitation" of excess energy (Külheim et al. 2002) . The present proposal extends these ideas to include modulation by the lipid phase, feedback inhibition of VDE and multiple targets for Z as key elements of the signal-transduction system.
The lipid-transduction network model in Fig. 5 , in principle, also applies to the stroma lamellae where xanthophyllcycle activity has been demonstrated (Siefermann and Yamamoto 1974) . It also includes the chloroplast envelope where V accounts for 50% of the carotenoids and the galactolipids about 54% of the total lipids in the envelope (Douce et al. 1973) . As noted earlier, the envelope exchanges V but not Z with the thylakoid during xanthophyll-cycle activity (Siefermann-Harms et al. 1978) . Neither the mechanism of exchange nor the function of the xanthophylls in the envelope is known. Finally, ascorbate is essential for VDE activity and its cellular or chloroplast concentration and diffusion into the lumen can modulate de-epoxidation (Neubauer and Yamamoto 1994, Müller-Moulé et al. 2002) . From this perspective, ascorbate may be considered a further signal for relatively slow physiological changes.
Other models depicting xanthophyll-cycle operation and functions are available (e.g. , Tardy and Havaux 1997 , Bassi and Caffarri 2000 . Fig. 5 is the first model to recognize the modulating effect of thylakoid lipids on VDE activity, the related feedback inhibition by Z and the multiple binding sites (sinks) for Z being important driving forces for DES.
The lipid-matrix model is a generalized model for xanthophyll-cycle dynamics and function. In nature, the xanthophyll cycle is highly plastic as seen by the wide variations among and within plants as to pool size, maximal DES, and reversibility. With reference to Fig. 5 , such variations are possible by modification of the size of the V pool, fraction of the pool of V that is loosely bound, size of sinks that bind Z, and factors that could affect the xanthophyll-holding capacity of the membrane such as the ratio of lipid phase to proteins and degree of lipid unsaturation. The extent to which this model applies to plants that have altered photosynthetic systems, such as IML grown plants, is uncertain.
Materials and Methods
Tobacco transformation constructs
Full-length Arabidopsis PsbS gene was amplified from Arabidopsis RNA using the oligonucleotides 5¢-AAACCATGGCTCAAAC-CATGC-3¢ (N-terminal) and 5¢-CGCGGATCCTTAGCTTTCTTCACC-3¢ (C-terminal) to create a full-length cDNA. The amplified PsbS gene was identical to that in GenBank (Accession number AF134131) and cloned into pBI525 containing the double 35S cauliflower mosaic virus promoter (CaMV), using the NcoI and BamHI sites (Datla et al. 1993) . The expression cassette, excised from the plasmid with HindIII and EcoRI, was cloned into the respective sites in the binary vector pBINPLUS (van Engelen et al. 1995) to create pBin-PsbS. The expression construct for VDE was described previously (Hieber et al. 2002) .
Tobacco transformation and plant growth
Agrobacterium tumefaciens LBA4404 was transformed by electroporation and used to transform tobacco (Nicotiana tabacum cv. Xanthi). Kanamycin-resistant transformed plants were grown in chambers with the top of the plant receiving approximately 150 mmol photons m -2 s -1 for a 16-h light/8-h dark photoperiod with day and night temperatures of 27°C and 22°C, respectively, as previously described (Hieber et al. 2002) .
Northern and Southern analysis
Total RNA was isolated from 500 mg leaf tissue using TRI REA-GENT™ (Sigma, St. Louis, MO, U.S.A.), resolved (9 mg/lane) by electrophoresis in a 0.66 M formaldehyde/1% agarose gel (Fourney et al. 1988 ), blotted to a nylon membrane (Schleicher & Schuell, Keene, NH, U.S.A.), and fixed by UV crosslinking (Stratagene, La Jolla, CA, U.S.A.). Full-length 32 P-labeled DNA probes were prepared using Arabidopsis VDE cDNA and PsbS cDNA by the random-primed DNAlabeling method (Feinberg and Vogelstein 1983) . Blots were hybridized with the probes at 65°C (Church and Gilbert 1984) and after washing the hybridization was detected by autoradiography using Biomax MS film (Eastman Kodak, Rochester, NY, U.S.A.).
Violaxanthin de-epoxidase activity
Thylakoid lumen extracts were prepared and assayed for VDE activity as described (Yamamoto 1985) . A unit of VDE activity is defined as one nmol of V de-epoxidized per min. Zeaxanthin stereoisomers were obtained from CaroteNature (Lupsingen, Switzerland). Lutein was purified from spinach. The effects of lutein and zeaxanthin stereoisomers on de-epoxidation were examined by adjusting the amount of MGDG and xanthophylls so as to maintain the mole ratios of MGDG : total xanthophylls (V + lutein or V + zeaxanthin) at 28 : 1 or 28 : 1.5, while keeping all other conditions constant. The mole ratio of the control with only V present was 28 mM MGDG to 1 mM violaxanthin and when the reaction is carried out as described with all-trans violaxanthin, complete conversion of V to Z results .
Western analyses
Isolated chloroplast where lysed and centrifuged and the recovered membranes (5 mg/lane) were resolved on a 15% SDS-polyacrylamide gel as described by Laemmli (1970) . Western blots were carried out using polyclonal antibodies against PsbS (gift from K. Niyogi, University of California, Berkeley, CA, U.S.A.).
Fluorescence and de-epoxidation
Leaf discs punched from dark-adapted tobacco plants, 4.2 cm 2 for fluorescence (n = 3) and 1.5 cm 2 for de-epoxidation (n = 5), were floated on water at 22°C and exposed to low, moderate and high inten-sities of white light corresponding to 250, 450 and 1,700 mmol photons m -2 s -1 , respectively, for 30 min, followed by 5 s of far-red light and 15 min of dark relaxation. Chlorophyll fluorescence induction was measured continuously on one disk with a PAM-2000 portable fluorometer (Heinz Walz Effeltrich, Germany) with 1.2 s saturating pulses of ~7000 mmol photons m -2 s -1 to determine F m or F m ¢. Standard fluorescence nomenclature was used (van Kooten and Snel 1990) . NPQ was calculated as (F m -F m ¢)/F m ¢, and qP as (F m ¢-F t )/(F m ¢-F o ¢). qE was calculated as (F md -F m ¢)/(F m ¢) where F md is the F m sampled 15 min after the actinic light was turned off. Other disks were illuminated simultaneously during induction of fluorescence sampled at different times, frozen in liquid nitrogen and stored for xanthophyll analysis. Frozen disks were ground in acetone with a tissue homogenizer and the extracts were centrifuged to remove tissue, filtered and analyzed by HPLC using a Spherisorb ODS-1 column (Alltech Associates, Deerfield, IL, U.S.A.) as described (Gilmore and Yamamoto 1991b) .
